In grape (Vitis vinifera), abscisic acid (ABA) accumulates during fruit ripening and is thought to play a pivotal role in this process, but the molecular basis of this control is poorly understood. This work characterizes ABSCISIC ACID RESPONSE ELEMENT-BINDING FACTOR2 (VvABF2), a grape basic leucine zipper transcription factor belonging to a phylogenetic subgroup previously shown to be involved in ABA and abiotic stress signaling in other plant species. VvABF2 transcripts mainly accumulated in the berry, from the onset of ripening to the harvesting stage, and were up-regulated by ABA. Microarray analysis of transgenic grape cells overexpressing VvABF2 showed that this transcription factor up-regulates and/or modifies existing networks related to ABA responses. In addition, grape cells overexpressing VvABF2 exhibited enhanced responses to ABA treatment compared with control cells. Among the VvABF2-mediated responses highlighted in this study, the synthesis of phenolic compounds and cell wall softening were the most strongly affected. VvABF2 overexpression strongly increased the accumulation of stilbenes that play a role in plant defense and human health (resveratrol and piceid). In addition, the firmness of fruits from tomato (Solanum lycopersicum) plants overexpressing VvABF2 was strongly reduced. These data indicate that VvABF2 is an important transcriptional regulator of ABA-dependent grape berry ripening.
In grape (Vitis vinifera), abscisic acid (ABA) accumulates during fruit ripening and is thought to play a pivotal role in this process, but the molecular basis of this control is poorly understood. This work characterizes ABSCISIC ACID RESPONSE ELEMENT-BINDING FACTOR2 (VvABF2), a grape basic leucine zipper transcription factor belonging to a phylogenetic subgroup previously shown to be involved in ABA and abiotic stress signaling in other plant species. VvABF2 transcripts mainly accumulated in the berry, from the onset of ripening to the harvesting stage, and were up-regulated by ABA. Microarray analysis of transgenic grape cells overexpressing VvABF2 showed that this transcription factor up-regulates and/or modifies existing networks related to ABA responses. In addition, grape cells overexpressing VvABF2 exhibited enhanced responses to ABA treatment compared with control cells. Among the VvABF2-mediated responses highlighted in this study, the synthesis of phenolic compounds and cell wall softening were the most strongly affected. VvABF2 overexpression strongly increased the accumulation of stilbenes that play a role in plant defense and human health (resveratrol and piceid). In addition, the firmness of fruits from tomato (Solanum lycopersicum) plants overexpressing VvABF2 was strongly reduced. These data indicate that VvABF2 is an important transcriptional regulator of ABA-dependent grape berry ripening.
Grape (Vitis vinifera) is a nonclimacteric fruit that is important worldwide for wine production and fresh consumption. The ripening of grape berry is a complex process involving the catabolism of organic acids, the accumulation of soluble sugars, flavonoids, and aromatic compounds, and an increase in berry softness (Seymour et al., 1993; Ribéreau-Gayon et al., 2000) . Berry composition and quality largely depend on the processes that coordinate these biochemical, physiological, and anatomical changes during ripening. While major progress has been made in the understanding of the key mechanisms supporting ethylenemediated ripening of climacteric fruits (e.g. tomato [Solanum lycopersicum]; Adams-Phillips et al., 2004; Giovannoni, 2004 Giovannoni, , 2007 , the events controlling the ripening of nonclimacteric fruits are less investigated and known.
Grape berry ripening involves the integration of multiple hormone signals. Classical plant hormones such as abscisic acid (ABA), auxin (indole-3-acetic acid [IAA] ), brassinosteroids, and, to a lesser extent, ethylene have previously been implicated in this process (Davies et al., 1997; Chervin et al., 2004 Chervin et al., , 2008 Symons et al., 2006) . ABA content of grape berries gradually and strongly increases just before the onset of ripening, called véraison (Coombe and Hale, 1973; Scienza et al., 1978; Davies et al., 1997; Antolín et al., 2003; Deluc et al., 2009 ). In relation with its accumulation profile, numerous reports suggested that ABA may play a major role in controlling several ripening-associated processes of grape berry, including coloration, sugar accumulation, and softening (Coombe, 1992; Davies et al., 1997; Giovannoni, 2001 ; Rodrigo et al., 2003; Yu et al., 2006; Wheeler et al., 2009; Gambetta et al., 2010; Giribaldi et al., 2010; Gagné et al., 2011) .
In recent years, much progress has been made in the understanding of ABA signal transduction pathways in Arabidopsis (Arabidopsis thaliana; Umezawa et al., 2009; Cutler et al., 2010; Weiner et al., 2010) . The ABA signal is perceived by multiple receptors Liu et al., 2007; Fujii et al., 2009; Melcher et al., 2009; Miyazono et al., 2009; Nishimura et al., 2009; Pandey et al., 2009; Santiago et al., 2009; Shang et al., 2010; Chai et al., 2011; Jia et al., 2011; Sun et al., 2011) , which trigger downstream signaling cascades resulting in physiological effects. Among these ABA receptors, only the PYRABACTIN RESISTANCE1 (PYR1)/PYR1-LIKE (PYL)/REGULATORY COMPONENTS OF ABA RECEPTORS (RCAR) proteins have been well characterized. ABA promotes the interaction of its receptor (PYR1) to PROTEIN PHOSPHATASE2C (PP2C), which results in the inactivation of PP2C and the activation of SUCROSE NONFERMENTING-RELATED KINASE2 (SnRK2). Activated SnRK2 turns on ABA signaling through the phosphorylation of downstream targets such as AREB/ABF (for ABA-response element-binding factor) transcription factors, which in turn activate several sets of genes .
AREB/ABFs are ABA-responsive transcription factors containing a basic leucine zipper family (bZIP)-type DNA-binding domain that binds the ABAresponsive element (T/CACGTGGC) and have a pivotal role in ABA-dependent gene activation (Choi et al., 2000; Uno et al., 2000; Hattori et al., 2002; Kang et al., 2002; Gómez-Porras et al., 2007) . Among the AREB/ABFs, AREB1/ABF2, AREB2/ABF4, and ABF3 were shown to be master transcription factors that cooperatively regulate ABA response element (ABRE)-dependent ABA signaling involved in drought stress tolerance and require ABA for full activation (Yoshida et al., 2010) .
Although the ABA regulation of fleshy fruit development has been studied extensively, the molecular mechanisms underlying ABA perception and signal transduction in these fruits remain unclear. In this study, we characterized and functionally studied VvABF2, an AREB/ABF-like transcription factor from grape, previously described as GRAPE RIPENING-INDUCED PROTEIN55 (GRIP55; Davies and Robinson, 2000) , which accumulates in cv Cabernet Sauvignon berries from véraison until the end of the ripening phase. VvABF2 expression is induced by ABA. A transcriptomic analysis made on transgenic grape cells overexpressing VvABF2 treated or not with ABA led to the identification of putative target genes for VvABF2 mediated by ABAdependent or -independent pathways. VvABF2 overexpression in grape cells also strongly increased the accumulation of stilbenes. Its overexpression in tomato accelerated fruit ripening. Altogether, this work shows that VvABF2 is involved in the ABA signaling pathway and may affect grape berry ripening by activating several processes, including the synthesis of some phenolic compounds and fruit softening.
RESULTS

Identification of VvABF2, a bZIP Transcription Factor from Grape
Data from the literature describing changes in mRNA profiles during grape berry ripening led to the identification of a number of GRIP complementary DNAs (cDNAs) whose transcripts accumulate during berry development (Davies and Robinson, 2000) . Among these GRIP genes, GRIP55 (VIT_18s0001g10450, Q9M4H1), a transcription factor of the bZIP family, was selected for further analysis. This choice was driven by the fact that members from this family are responsive to ABA (Choi et al., 2000; Uno et al., 2000; Amir Hossain et al., 2010) , a hormone playing a crucial role in grape berry development and ripening (Giribaldi et al., 2010; Koyama et al., 2010) . The GRIP55 full-length cDNA was amplified by PCR using mRNAs extracted from cv Cabernet Sauvignon grape berries at véraison. The corresponding transcript is 1,341 bp long and encodes a protein of 447 amino acids. Amino acid sequence analysis further confirmed that this protein belongs to the transcription factors of the bZIP family characterized by a typical DNA basic-binding region, a Leu zipper dimerization motif located at the C-terminal region (amino acids 367-418; Jakoby et al., 2002) , and conserved domains predicted as phosphorylation sites involved in stress or ABA signaling (Furihata et al., 2006; Fig. 1) . A phylogenetic analysis revealed that this protein belongs to group A of bZIP transcription factors, previously shown to be involved in ABA and abiotic stress signaling (Choi et al., 2000; Uno et al., 2000; Amir Hossain et al., 2010; Fig. 2) . Compared with Arabidopsis, bZIP group A from grape contains six members, among which only two belong to the possible groups of orthologs A5 (Corrêa et al., 2008; Fig. 1) . The close homology of GRIP55 with AtAREB1/AtABF2 from Arabidopsis led us to rename this protein as VvABF2 (Figs. 1 and 2 ).
Expression Analysis of VvABF2 in Grapevine and in Response to ABA
The expression profile of VvABF2 was determined in different grapevine organs by real-time reverse transcription (RT)-PCR with RNA extracted from cv Cabernet Sauvignon roots, stems, leaves, flowers, and mature berries (11 weeks after flowering [WAF]). VvABF2 was ubiquitously expressed in the different grape organs, but its relative expression depended on the organ (Fig. 3A) . In decreasing order, VvABF2 transcript accumulation was highest in ripening berries, stems, leaves, roots, and inflorescences.
VvABF2 transcript accumulation was also assessed during berry development (Fig. 3B) . Interestingly, VvABF2 expression increased just before the onset of grape berry ripening (8 WAF). Additionally, VvABF2 transcripts accumulated more than 2-fold during the ripening stage (9-15 WAF) when compared with the herbaceous phase (2-7 WAF; Fig. 3B ).
VvABF2 gene expression was also analyzed in the different berry compartments (seeds, pulp, and skin) after véraison. VvABF2 transcripts were more abundant in both seeds and skin than in pulp (Fig. 3C) .
The phylogenetic analysis revealed that this protein belongs to group A of bZIP transcription factors, previously shown to be involved in ABA signaling (Amir Hossain et al., 2010) . Therefore, we investigated the effect of ABA on VvABF2 expression by treating Cabernet Sauvignon berry (CSB) cell suspensions with 20 mM ABA. In these treated cells, VvABF2 transcripts accumulated within the first 2 h of treatment and reached a maximum at 6 h, before slightly declining until 24 h after ABA supply (Fig. 3D ).
VvABF2 Encodes a Functional Transcription Factor
The presence of a bipartite nuclear localization signal between amino acids 357 and 373 suggests that VvABF2 is probably targeted to the nucleus (Fig. 1 ). To confirm Figure 1 . Sequence analysis of VvABF2. Full-length sequence comparison of VvABF2 and its closest orthologs from Arabidopsis, AtABF2 (AF093445), AtABF3 (AF093546), AtABF4 (AF093547), and AtABF1 (AF093544), using the Clustal Omega program (Sievers et al., 2011) . Conserved residues are shaded in black, conserved residues in four out of five of the sequences are indicated in dark gray shading, and conserved residues in three out of five of the sequences are shown by a light gray shading. The basic regions and the Leu repeats are indicated by white rectangles and arrows, respectively. The Gln-rich region, commonly found in transcriptional activation domains, is underlined (dashed line) for VvABF2. The recognition sites for calmodulin-dependent protein kinase II (XRXXSX) and casein kinase II [X(S/T)XX(D/E)X] are indicated, respectively, by gray and black lines on the top of the alignment. Putative phosphorylated amino acids in the VvABF2 sequence are marked by stars.
this prediction, a GFP was fused in frame to the C terminus of VvABF2, and the resulting protein was expressed in tobacco (Nicotiana tabacum) mesophyll protoplasts under the control of the cauliflower mosaic virus 35S promoter. Unlike the GFP control, in which green fluorescence was seen throughout the cell, green fluorescence from VvABF2-GFP was only detected in the nucleus (Fig. 4A) , consistent with a putative role of this protein in the control of transcription. In order to examine the transactivation ability of VvABF2, GUS reporter gene assays were performed by transient expression in tobacco protoplasts. Wang et al., 2011) and fused to the GUS reporter gene. Quantitative GUS expression analysis was assessed by using these constructs and VvABF2 as an effector protein in protoplasts treated or not with 20 mM ABA (Fig. 4B ). All promoters tested displayed enhanced activities upon ABA treatment. Interestingly, coexpression of VvABF2 significantly increased all promoter activities in the presence or absence of ABA (Fig. 4B) . As multiple ABRE motifs were found in the promoter regions of these three VvABF2 putative target genes (Supplemental Table S1 ), the direct binding of VvABF2 was tested by electrophoretic mobility shift assay. Our results showed that VvABF2 binds specifically to these promoter regions, but only when ABRE motifs are present (Supplemental Fig. S1 , A and C). Indeed, in the absence of these promoter elements, VvABF2 failed to bind to the promoter sequence (Supplemental Fig. S1B ). Taken together, these results indicate that VvABF2 can recognize the ABRE sequences in the target promoters and activate these in response to ABA, under which activation levels were strongly enhanced. Therefore, VvABF2 is a positive Figure 2 . Phylogenetic analysis of VvABF2. The phylogenetic tree represents VvABF2 (black circle) and its orthologs (boldface) from the A subgroup of bZIP transcription factors in Arabidopsis (AT) and grape (VIT). The closest ortholog of VvABF2 from tomato (SlAREB1; Bastías et al., 2011) and representative Arabidopsis bZIP transcription factors from other bZIP subgroups (subgroup G, AtGBF2; H, AtHY5; I, AtbZIP29; E, AtbZIP34; D, AtTGA3; S, AtATB2; B, bZIP28; and C, AtBZO2H2) are also reported according to Jakoby et al. (2002) and Corrêa et al. (2008) . The gene identifiers as well as synonyms (published names) are given. Multiple sequence alignments were generated using Clustal Omega (Sievers et al., 2011) on full-length proteins as implemented by MEGA software, version 5.0 (Tamura et al., 2011) . The phylogenetic tree was constructed by neighbor joining with complete deletions as implemented by MEGA. Reliability values at each branch represent bootstrap samples (2,000 replicates).
regulator modulating downstream ABA signaling pathways.
Production of Transgenic Cell Lines Overexpressing VvABF2
Transgenic grape cells overexpressing VvABF2 were produced using a 35S-driven VvABF2 construct. After stabilization of the cell suspension by subculture in glycerol-maltose-naphthoxyacetic acid culture medium supplemented with paromomycin and cefotaxime, the expression of VvABF2 was tested by real-time RT-PCR using VvABF2-specific primers. In cells expressing the 35S::VvABF2 construct, VvABF2 transcript accumulated six times more than in cells expressing the empty vector (Fig. 5) . A 1-h ABA treatment (20 mM) of control cells dramatically stimulated VvABF2 expression. ABA also further stimulated VvABF2 expression in transgenic cells, but to a lesser extent (Fig. 5 ).
Transcriptomic Analysis of VvABF2-Overexpressing Cell Lines upon ABA Supply Total RNAs extracted from 41B cells treated or not with 20 mM ABA for 1 h were hybridized with 60-mer oligoarrays bearing a set of probes for 29,582 unigenes (NimbleGen Gene Expression 12x135K Arrays). Analysis of differentially expressed genes was performed using a 2-fold expression change and an adjusted P , 0.05 (with false discovery rate correction) as a cutoff from three independent experiments. Differential gene expression analysis was assessed through microarray data comparison of three different experimental conditions: ABA-treated versus untreated control cell lines (condition 1), untreated 35S::VvABF2 versus untreated control cell lines (condition 2), and ABA-treated 35S::VvABF2 versus untreated control cell lines (condition 3). The overlap in genes differentially expressed in these three conditions was depicted with a three-way Venn diagram (Fig. 6A) . The results showed that 1,722 genes were differentially expressed in at least one of the three conditions. More specifically, ABA treatment of control cell lines (condition 1) regulated 569 (1.9%) of the 29,582 unigenes represented on the microarray slide. Among these, 424 (74.5%) were up-regulated and 145 (25.5%) were down-regulated. In the absence of ABA treatment, overexpression of VvABF2 led to the differential expression of 662 (2.2%) genes when compared with the control (condition 2). Three hundred thirtyeight (51%) genes were up-regulated and 324 (49%) were down-regulated (Fig. 6A ). Treatment of 35S::VvABF2 transgenic cells with ABA resulted in the differential expression of 1,370 (4.6%) genes when compared with the untreated control cells (condition 3). Eight hundred eighty-one (64.4%) genes were up-regulated and 489 (35.6%) were down-regulated (Fig. 6A) . The comparison of all three conditions showed that only 10 genes were commonly affected. Four hundred forty-one genes were common between conditions 2 and 3, and 438 genes were common between conditions 1 and 3. Moreover, 501 genes were specific for 35S::VvABF2 cells treated with ABA (condition 3; Fig. 6A ).
The differentially expressed genes identified in our experiments were clustered based on expression ratios from conditions 1, 2, and 3 into 10 clusters of specific expression profiles (Fig. 6B) . The clusters A, D, and J contained genes regulated by ABA in both control and A, Nuclear localization of the GFPVvABF2 fusion protein in tobacco leaf protoplasts. These confocal microscopy images indicate, from left to right, protoplast sections analyzed for GFP fluorescence, the same sections analyzed for chloroplast autofluorescence, and the transmission light image from the same protoplast sections. B, Promoter activation by VvABF2 of selected ABA-regulated genes , VvLEA (VIT_08s0007g04240), VvNAC (VIT_19s0014g03290), and VvBenzoR (VIT_07s0005g00140), in tobacco protoplasts. pr35S::GUS was used as a positive control. White bars indicate GUS activity without additional construct or treatment, gray bars indicate GUS activity after transformation with the 35S::VvABF2 construct, dotted bars indicate GUS activity after 20 mM ABA treatment, and black bars indicate GUS activity after transformation with the 35S::VvABF2 construct coupled with 20 mM ABA treatment. Data from three independent experiments were pooled and analyzed. Error bars indicate SD. Statistical significance was assessed by one-way ANOVA followed by Tukey's honestly significant difference post-hoc test (P # 0.05). ABA and/or ABF2. Clusters C and F encompassed genes significantly stimulated in 35S::VvABF2 cells treated with ABA, whereas cluster H corresponded to genes that were repressed in the same condition. Thus, clusters C, F, and H contained genes regulated by ABA in a VvABF2-dependent manner.
To functionally classify the 1,722 genes differentially expressed in all three types of conditions, we also performed an analysis using MapMan functional categories (Thimm et al., 2004; Fig. 6C ). This classification suggested that most transcripts were linked to "secondary metabolism," "hormone metabolism," "protein metabolism," "transport," "signaling," "stress," and "transcription" when cells were supplemented with ABA (Fig. 6C ). Among these ABA-stimulated groups, overexpression of VvABF2 led to the further enrichment of most categories and, more particularly, of the groups linked to secondary metabolism (enrichment factor 5.53), transport (4.53), signaling (33), stress (33), and cell wall modification (33).
The more altered biological functions with statistical significance among the 1,722 genes differentially expressed were identified using a MapMan Wilcoxon test (Table I) (Tables I and II) . These genes followed the expression profile of cluster A or D (Fig. 6B ). In addition, other modulated genes previously reported to exhibit ABA-regulated expression in grape berry (Koyama et al., 2010) and other plant species (Seki et al., 2002; Rabbani et al., 2003; Buchanan et al., 2005; Matsui et al., 2008) , such as LEA and biotic/abiotic stress-related proteins, were also identified (Table II) . In condition 2, genes involved in secondary metabolism (P = 1.1 3 10 213 ), protein degradation and modification (P = 4.7 3 10 24 and 2.2 3 10 27 , respectively), hormone metabolism and signaling (auxin and ethylene; P = 7.63 3 10 26 and 4.1 3 10
27
, respectively), and cell wall degradation (P = 9.3 3 10 25 ) were significantly affected by overexpression of VvABF2 (Table I) . These genes, which characterize the effect of VvABF2 on grape cells, belong to cluster B, E, G, or I (Fig. 6B) . Some of these genes are shown in Table III . Among these (Table III) ). The enrichment was also observed for genes (Table I) corresponding to calcium signaling (P , 1 3 10 220 ), stress (P , 1 3 10 220 ), hormone metabolism and signaling (auxin and ethylene; P = 2.5 3 10 28 and 1.77 3 10
28
, respectively), and WRKY transcription factor (P = 1.25 3 10
27
). Clusters C, F, and H contained genes affected by ABA in VvABF2-overexpressing cells ( Fig. 6B ; Table IV ). The transcript abundance of key enzymes involved in secondary metabolism and, more particularly, in the first steps of the phenylpropanoid pathway was considerably increased in condition 3. These enzymes correspond to phenylalanine ammonia lyase (PAL) and cinnamate 4-hydroxylase. Interestingly, several stilbene synthase genes followed a similar expression pattern (Table IV) . Numerous genes encoding proteins related to hormone (Table IV) .
VvABF2 Overexpression Stimulates ABA Induction of Stilbene Production
Stilbenes, resveratrol, and its derivatives such as trans-piceid (a glycosylated form of resveratrol) represent some of the major forms of phytoalexins in grapevine (Pezet et al., 2004) . They are important for plant defense, and resveratrol also has beneficial effects on human health (Bradamante et al., 2004; Hofseth et al., 2010; Szkudelska and Szkudelski, 2010) . Stilbene production in grapevine transgenic cell suspensions was monitored after the addition of 20 mM ABA. Before treatment, control and 35S::VvABF2 transgenic cells secreted different amounts of each stilbene in the culture medium. Indeed, in control cells, trans-resveratrol was present at concentrations representing 57.6% of its amount in VvABF2 transgenic cells. By contrast, in nontreated VvABF2-overexpressing cells, trans-piceid only represented 56% of that present in nontreated control cells (Fig. 7) . However, the total amount of stilbenes is similar for both conditions (Supplemental Fig. S2) .
After the addition of ABA to control cell suspensions, trans-resveratrol strongly accumulated in the culture medium (5.6-fold more), whereas the transpiceid amount was maintained (Fig. 7) . By contrast, in the culture medium of 35S::VvABF2 cell suspensions, ABA treatment increased both trans-resveratrol and trans-piceid contents (Fig. 7) . Indeed, trans-resveratrol and trans-piceid contents were multiplied by maximal factors of 6.2 and of 2.5, respectively. Finally, ABA treatment increased the total stilbene amount by 2.7-fold in control cells and by 4.1-fold in the transgenic cells (Supplemental Fig. S2 ).
Phenotype of Tomato Fruits Overexpressing VvABF2
To investigate the involvement of VvABF2 in fruit development and ripening processes, transgenic tomatoes overexpressing VvABF2 were produced. The full-length coding region of VvABF2 was cloned downstream of the cauliflower mosaic virus 35S promoter and used for transformation. Five independent 35S::VvABF2 transgenic plants were selected for their successful integration of the transgene (Supplemental Fig. S3 ). VvABF2 overexpression did not result in apparent developmental defects. Flowers and fruits developed normally until the turning stage, with kinetics comparable to the control plants. By contrast, after the turning stage and at the later ripening stages, fruits from all 35S::VvABF2 lines exhibited dramatic phenotypes. Indeed, as soon as 20 d after turning, the firmness of the tomatoes from VvABF2-overexpressing lines was strongly reduced in comparison with the control fruits. This reduction in firmness is illustrated in Supplemental Figure S3 , showing the phenotype observations and the Durofel indices that were obtained for the control and the VvABF2-overexpressing fruits 20 or 50 d after turning.
DISCUSSION
Ripening of nonclimacteric fruit is usually associated with ABA, a phytohormone that gradually accumulates from the onset of ripening (Coombe, 1992; Giribaldi et al., 2010; Koyama et al., 2010) . Two different ABA receptors from strawberry (Fragaria spp.), FaCHLH/ABAR (for Fragaria ananassa H subunit of magnesium chelatase/ABA receptor; Jia et al., 2011) and FaPYR1 , and one receptor from grape, VvPYL1 (Li et al., 2012) , were recently described as positive regulators of fruit ripening in response to ABA. In this context, AREB/ABF bZIP transcription factors that act as regulators of ABA and stress responses in plants are good candidates for the regulation of ABA-mediated fruit ripening. Moreover, a possible role of AREB/ABF transcription factors has been reported for the ripening climacteric fruits (Bastías et al., 2011) .
This work gives further insight into the role of this class of transcription factor during the ABA-mediated ripening of grape berries. In this context, we isolated and characterized VvABF2, previously known as GRIP55 (VIT_18s0001g10450, Q9M4H1). VvABF2 belongs to group A of bZIP transcription factors, which are involved in ABA and abiotic stress signaling (Choi et al., 2000; Uno et al., 2000; Amir Hossain et al., 2010) . VvABF2 was ubiquitously expressed in different grape organs, and its transcript accumulated just before the onset of grape berry ripening (Fig. 3) , when ABA concentrations increase (Coombe, 1992) . These data fit well with the observation that VvABF2 expression was regulated by ABA ( Fig. 3D ) and underline a putative role for this transcription factor in influencing ABA-regulated grape berry ripening processes. The nuclear localization of VvABF2 (Fig. 4A) and its ability to transactivate selected promoters (Fig. 4B) are consistent with its function as a transcriptional activator. Additionally, the transactivation experiments performed in protoplasts further support the hypothesis of the involvement of VvABF2 in ABA-mediated signaling pathways. Indeed, VvABF2 was able to bind and transactivate several known ABAregulated genes (VvLEA, VvNAC, and VvBenzoR), and its transcriptional activating role was further increased by ABA supply (Fig. 4B) . The function of VvABF2 and its role in ABA signaling were further analyzed by a transcriptomic approach comparing the response to ABA of transgenic grape cells that overexpressed VvABF2 with that of control cells. Overexpression of VvABF2 (condition 2) modulates the expression of many grape genes in the absence of ABA. Only a few (10) genes were common with those observed in ABA-treated control cells (condition 1). This might be the consequence of an ABA treatment (1 h) that was too short to affect all ABA-regulated genes in control cells. This hypothesis was strengthened by the fact that many of the VvABF2-regulated genes (condition 2) belong to families previously shown to be involved in ABA responses. This also indicates that the ectopic expression of VvABF2 was sufficient to affect some of the ABA-dependent genes. In addition, ABA treatment of 35S::VvABF2 transgenic cells (condition 3) regulated many other genes, including 438 genes that were common with ABA-treated control cells (condition 1). This represents 77% of the total number of genes affected by the ABA treatment in the control cells (among which 65.4% were up-regulated and 11.6% were down-regulated). By comparison, ABA treatment of 35S::VvABF2-overexpressing cells resulted in the modification of the expression of 32% of all the genes affected by VvABF2 overexpression (27.2% up-regulated and 4.8% down-regulated). These results indicated that the expression of some genes that follow an ABA-dependent pathway were mainly mediated by VvABF2, whereas others were specifically dependent on VvABF2 and independent of ABA treatment. The identification and in silico analysis of 1,344 bp of the VvABF2 promoter region using the Genomatix suite of programs (Quandt et al., 1995) led to the identification of several putative cis-acting regulatory elements within the 59 regulatory region of VvABF2 (Supplemental Table S2 ). These transcription factor-binding sites were associated with plant development, hormonal regulation, and biotic and abiotic stress responses. Their presence occurred at different frequencies and are described in Supplemental  Table S2 . This result suggests the existence of both ABAdependent and -independent pathways in the control of VvABF2 expression. ABA treatment of grape cells led to the regulation of many genes known to be ABA and stress related. For instance, genes specifically affected by the ABA treatment encode (1) proteins involved in osmotic stress, desiccation (raffinose synthase and LEA), and biotic stress (PR protein) responses, (2) proteins known to improve stress tolerance to abiotic stresses (AP2-DREB, bZIP, and NAC), and (3) members of ABA signaling (PP2C) and calcium signaling (calmodulin and calmodulin-stimulated protein kinase; Desikan et al., 2001; Yu et al., 2006; Nishimura et al., 2007; Nakashima et al., 2009; Park et al., 2009; Wang et al., 2011;  Table II) . Our results confirm data from the literature and validate these experiments.
As mentioned before, VvABF2 overexpression can affect some ABA-dependent genes in the absence of ABA treatment (Table III) . For instance, several transcripts encoding PR proteins such as endochitinases were strongly up-regulated in VvABF2 transgenic cells. These genes are induced during berry development and ripening (Davies and Robinson, 2000; Pilati et al., 2007) . Genes encoding potassium transporters and channels were also strongly up-regulated (Table III) . These genes are known ABA targets that are also important for berry ripening . Indeed, together with sugar accumulation, K + influx might help the turgor-driven berry expansion , and the K + channel VvK1.1 may play a major role in K + loading into berry tissues, especially upon drought stress (Cuéllar et al., 2010 (Cuéllar et al., , 2013 .
Effects on Ripening-Associated Processes
ABA promotes sugar metabolism and accumulation in fleshy fruits (Yamaki and Asakura, 1991; Kobashi et al., 1999; Richings et al., 2000; Pan et al., 2005) . In tomato, overexpression of SlAREB1 stimulates hexose accumulation in correlation with increased expression of vacuolar invertases (Bastías et al., 2011) . In VvABF2-overexpressing cells, the stimulated expression of vacuolar invertase and hexose transporter genes is consistent with this hypothesis (Table III) .
The softening that accompanies the last stages of fleshy fruit ripening is typically attributed to changes in cell wall properties (Li et al., 2010) . Several studies have underlined the role of ABA in enhancing softening in both tomato (Zhang et al., 2009b) and grapevine (Gambetta et al., 2010) . Indeed, it was suggested by Koyama et al. (2010) that in grape berry, the modification of cell walls occurring under ABA treatment may be reflected by the differential transcript abundances of cell wall proteins and pectin-modifying enzymes. The high transcript levels of genes encoding cell wall hydrolytic enzymes (pectinesterase, polygalacturonase, and rhamnogalacturonase) in VvABF2-overexpressing cells suggest a role for VvABF2 in fruit softening (Table III) . This hypothesis is further strengthened by the observation that in tomato fruits overexpressing VvABF2, the softening process is dramatically accelerated (Supplemental Fig. S3 ).
Responses to oxidative stress have been reported during fruit development in several species, including tomato (Jiménez et al., 2002) , strawberry (Aharoni and O'Connell, 2002) , and grape (Pilati et al., 2007) . Reactive oxygen species (ROS) amounts are accurately controlled by both their production and the antioxidant systems. During grape berry development, Pilati et al. (2007) showed that oxidative processes and enzyme-mediated scavenging systems are activated during the ripening stage. In agreement with this work, our microarray data showed that both ROS production and scavenging systems were affected (Supplemental Table S4 ). Indeed, in at least one condition (in the presence of ABA and/or VvABF2), the expression of 30 genes involved in ROS production was significantly affected. These genes belong to the RBOH (respiratory burst oxidase homologue) and secretory peroxidase (class III) families that are responsible for the production of ROS and of some secondary metabolites leading to the synthesis of antifungal products or the reinforcement of cell walls. In the same conditions, the expression of more than 80 genes related to ROS scavenging systems was also altered. These include ascorbate and glutathione peroxidases, peroxiredoxins, thioredoxins, glutaredoxins, and glutathione S-transferases. The fine-tuned control of this gene network by ABA and/or VvABF2 may contribute to the regulation of the redox balance and to the production of some metabolites that are necessary for ripening.
The role of ABA in enhancing the synthesis of phenolic compounds during fruit ripening has been reported extensively (Ban et al., 2003; Jeong et al., 2004; Peppi et al., 2006; Wheeler et al., 2009; Gambetta et al., 2010) . Our transcriptomic analysis revealed that ABA regulates some genes encoding secondary metabolism enzymes and that VvABF2 overexpression does it as well: for example, treatment of control cells with ABA up-regulated genes involved in flavonoid/ anthocyanin biosynthesis (Table II) . Among these, flavanone 3-hydroxylase was previously shown to be induced in berry skin after ABA treatment (Koyama et al., 2010) . Likewise, VvABF2 overexpression also led to the stimulation of this pathway (Table III) . Indeed, the expression of genes encoding proteins involved in the biosynthesis of anthocyanins (UDPglucose:flavonoid 3-O-glucosyltransferase and dihydroflavonol reductase) and isoflavones (isoflavone hydroxylase and isoflavone reductase) is modulated by VvABF2. Finally, treatment of 35S::VvABF2 cells by ABA also upregulated secondary metabolism and, more particularly, the first steps of the phenylpropanoid pathway (PAL and cinnamic acid 4hydroxylase), the lignin biosynthesis pathway (cinnamyl alcohol dehydrogenase [CAD]), and the phytoalexin pathway (stilbene synthase). The strong up-regulation of these genes in ABA-treated 35S::VvABF2 cells by comparison with ABA-treated control cells suggests that their expression depends on both ABA and VvABF2. Measurements of stilbene production in 35S::VvABF2 transgenic cells corroborate our microarray data. Indeed, ABA treatment of control and VvABF2-overexpressing cells stimulated this production and particularly that of trans-resveratrol (Fig. 7) . Therefore, trans-resveratrol secretion is stimulated by ABA in both control and 35S::VvABF2 cells (5.6-and 6.2-fold increases, respectively, when compared with nontreated cells). By contrast, trans-piceid amounts did not significantly change in ABA-treated control cells, whereas its amount was more than doubled in 35S::VvABF2 transgenic cells treated with ABA. Overexpression of VvABF2 also affected the accumulation of MATE transporter transcripts. Since this gene family is involved in the transport of flavonoids (Gomez et al., 2009; Zhao and Dixon, 2009) , these data indicate that VvABF2 may also be involved in the regulation of flavonoid transport.
Effects on Genes Controlling Hormonal Balance
Hormone balance is important for fruit development and ripening. For example, the maintenance of precise amounts of cytokinins is needed to achieve fruit ripening (Mok, 1994) . Low levels of free IAA (maintained by Gretchen Hagen3 [GH3]) are also needed to allow berry ripening (Böttcher et al., 2010 (Böttcher et al., , 2011 , and ABA stimulates this conjugating enzyme (Seo et al., 2009) . Ethylene plays an important role in climacteric fruit ripening (Giovannoni, 2007) , and ABA is thought to control the ripening of climacteric fruit through the activation of ethylene biosynthesis (Zhang et al., 2009b) . Although the role of ethylene in nonclimacteric fruits remains unclear, its involvement in grapevine berry ripening has been suggested (Chervin et al., 2004 (Chervin et al., , 2008 . Finally, brassinosteroids are positive hormonal regulators of berry ripening (Symons et al., 2006) that interact with other phytohormones (ABA and auxin) to achieve their biological function (Hardtke, 2007; Zhang et al., 2009) . Our results suggest a fine-tuning of hormone amounts and signaling pathways by ABA and underline a putative role of VvABF2 in this control. Indeed, VvABF2-overexpressing cells accumulated transcripts of genes involved in hormone biosynthesis and/or signaling (Tables III and IV) . Two sets of genes could be identified. The first one corresponded to genes stimulated by ABA in control cells, and their expression was further induced by VvABF2 overexpression. The second set included genes that were already affected in 35S::VvABF2 cells and whose accumulation was further affected by ABA supply, including many genes involved in the control of hormone amounts and, more particularly, their biosynthesis (9-CIS-EPOXYCAROTENOID DIOXYGENASE and 1-AMINOCYCLOPROPANE-1-CARBOXYLATE OXIDASE) and catabolism (GH3, GA 2-OXIDASE, ABA 89-HYDOXYLASE, and CYTOKININ-O-GLUCOSYLTRANSFERASE; Tables III and IV) . Other genes corresponding to proteins involved in hormone signaling were also affected, including genes involved in hormone sensing (Gibberellin Insensitive Dwarf1 [GID1] and BRI1) and transduction (AUXIN/IAA and small auxin up
The ubiquitin/26S proteasome pathway plays a key role in the perception and transmission of environmental and hormonal signals (Smalle and Vierstra, 2004; Liu and Stone, 2010; Antoni et al., 2011) . In this work, the importance of this pathway in ABA signaling is highlighted by the response of several genes encoding F-box proteins and other components of the proteasome pathway in 35S::VvABF2 transgenic lines and after ABA supply (Table III) .
Effects on Genes Involved in Stress Responses
Numerous transcription factors are regulated by ABA or ABA-regulated stresses, even though their specific roles in ABA signaling remain unknown (Nemhauser et al., 2006; Yamaguchi-Shinozaki and Shinozaki, 2006) . ABA-regulated members of the DREB, WRKY, and MYB transcription factor families were up-regulated when VvABF2 was overexpressed (Table III) , reinforcing the role of this transcription factor in regulating ABA-mediated pathways. Thus, among the known homologs of the transcription factor genes identified, AtWRKY28 and AtWRKY40 are involved in oxidative stress, cold, high-salinity, and osmotic stress responses (Seki et al., 2002) and AtWRKY33 and AtWRKY53 are involved in hydrogen peroxide and ozone responses (Tosti et al., 2006; Vanderauwera et al., 2007) . Additionally, it has been suggested that AtWRKY33 may regulate plant responses to both abiotic stress and ABA (Jiang and Deyholos, 2009 ). In addition, AtWRKY40 binds the promoters of several members of the AREB/ABF transcription factor subfamily, and its activity is inhibited by ABA perception by the magnesium-chelatase H subunit receptor (CHLH/ ABAR; Shang et al., 2010) .
Taken together, these data show that VvABF2 overexpression not only activates new gene networks but mainly functions by exacerbating and/or modifying existing networks related to ABA responses. Indeed, ABA treatment of VvABF2-overexpressing cells often led to an enhanced response compared with ABA treatment of control cells (Fig. 6B, clusters C, F, and H) . This was particularly observed for genes involved in the phenylpropanoid pathway. Several genes encoding enzymes involved in the first step of this pathway (PAL and C4H) and several stilbene synthases were strongly induced. These data indicate that in the presence of ABA, VvABF2 is an important regulator of the phenylpropanoid pathway leading to stilbene biosynthesis. This result is consistent with data from the literature showing an up-regulation of several stilbene synthase genes paralleling an increase in resveratrol concentrations in ABA-treated berries (Koyama et al., 2010) . In addition, VvABF2 seems to affect lignin biosynthesis by the stimulation of CAD and laccase genes (Tables III  and IV ). The induction of lignin biosynthetic genes by ABA was previously illustrated in Arabidopsis (Østergaard et al., 2001; Seki et al., 2002) Finally, several reports indicate that fruit softening is hormonally regulated by ABA and ethylene (Jiang et al., 2000; Zhang et al., 2009a Zhang et al., , 2009b . Inhibitors of ABA biosynthesis delay tomato ripening and softening (Zhang et al., 2009a (Zhang et al., , 2009b . Treatment of berries with ABA or ethephon (an ethylene analog) increases softening (Peppi et al., 2006) . In this work, ABA treatment led to modification of the expression of some softeningrelated genes. Among these, we can cite various xyloglucan endotransglycosylase genes, cellulose synthase genes, and pectinesterase genes. Additionally, genes involved in galactinol (galactinol synthase, stachyose synthase, and seed imbibition protein) and trehalose (trehalose-6-P phosphatase and trehalose-6-P synthase) metabolism were up-regulated. Both microarray data and the results obtained with transgenic tomatoes strongly indicate the involvement of the ABA-regulated transcription factor VvABF2 in stimulating fruit maturation and softening.
In summary, this work characterizes VvABF2, a transcription factor of the AREB/ABF family sensitive to ABA. This transcription factor mediates at least in part several ABA-mediated pathways controlling both maturation processes and responses to environmental stresses. These include the regulation of secondary metabolism, cell wall metabolism, hormone metabolism and signaling, and stress responses. In addition to its putative role in fruit maturation and because of its general pattern of expression, VvABF2 could be a key component of ABA-mediated grape development and adaptation to environmental cues.
MATERIALS AND METHODS
VvABF2 cDNA Isolation and Production of Constructs for Plant Transformation
A full-length VvABF2 clone was produced from a cDNA library isolated from grape (Vitis vinifera 'Cabernet Sauvignon') berries at the véraison stage. PCR was performed using synthetic oligonucleotide primers designed to begin and end at the start and stop codons of the open reading frame of VvABF2 (forward primer, 59-ATGGGGAGTAATTTGAACTTCAAAAACTTC-39; reverse primer, 59-CCAGGGGCCAGTCAGTGTGCGTCTCAAGCAA-39). The complete open reading frame was amplified and cloned into the pGEM-T Easy vector (Promega) for DNA sequencing, prior to subcloning into a stable expression binary vector downstream of the 35S promoter of the Cauliflower mosaic virus. pFB8 and Pk7m34GW binary vectors (Gateway; Karimi et al., 2002) were used to generate VvABF2-overexpressing 41B cells and tomato (Solanum lycopersicum) plants, respectively. quantified with normalization to VvEF1g (grape experiments [Q9SPF8]; Nicolas et al., 2013) and SlEiF4a (tomato experiments [SGN-U578071]) as internal standards. All biological samples were tested in triplicate, and SD values were calculated using standard statistical methods. Specific oligonucleotide primer pairs were designed with Beacon Designer 7 software (Premier Biosoft International). Specific annealing of the oligonucleotides was controlled by dissociation kinetics performed at the end of each PCR run. The efficiency of each primer pair was measured on a PCR product serial dilution. Quantitative real-time RT-PCR primer sequences are listed in Supplemental Table S1 .
Protoplast Isolation and Transient Expression Assays
The coding sequence of VvABF2 was cloned as a C-terminal fusion in frame with the GFP into the pRT101 vector (Kiegerl et al., 2000) and expressed under the control of the cauliflower mosaic virus promoter.
The promoter regions of VvLEA (VIT_08s0007g04240), VvNAC (VIT_19s0014g03290), and VvBenzoR (VIT_07s0005g00140) were inserted upstream of the GUS reporter gene into pAM35 (Guerineau et al., 2003) . Primer sequences used for promoter cloning are listed in Supplemental Table S1 .
Tobacco (Nicotiana tabacum 'SR1') in vitro plants used for protoplast preparation were cultivated in a growth chamber with a constant temperature of 25°C and a 14-h/10-h day/night photoperiod. Protoplasts were obtained from young leaves of 15-d-old subcultured plants according to Hosy et al. (2005) . A 10-mg aliquot of each plasmid DNA was used for polyethylene glycol-mediated cotransformation. Transfected protoplasts were incubated for 16 h at 25°C.
GFP fluorescence was analyzed by confocal microscopy. A fluorometric GUS assay was performed following the protocol described by Jefferson et al. (1987) . Protoplasts were centrifuged briefly for 30 s and vortexed with a GUS extraction buffer containing 50 mM sodium phosphate (pH 7.0), 10 mM b-mercaptoethanol, 10 mM Na 2 -EDTA (pH 8.0), and 0.1% Triton X-100. The extracts were centrifuged for 15 min in a microcentrifuge at 4°C, and the supernatants were incubated at 37°C for GUS assay using 1 mM 4-methylumbelliferylb-D-glucuronide as a substrate. The reaction was stopped with 0.2 M Na 2 CO 3 . The amount of methylumbelliferone production was determined using a fluorometer (Versafluor fluorometer; Bio-Rad). Total protein content of the samples was determined by the method of Bradford (1976) .
Microarray Experiments and Analyses
Three biological replicates of each sample (untreated control, control + ABA, 35S::VvABF2, and 35S::VvABF2 + ABA) were hybridized on NimbleGen microarray 090818 Vitis exp HX12 (Roche, NimbleGen), bearing a set of probes for 29,582 unigenes based on the 12X grapevine V1 gene model prediction (http://genomes.cribi.unipd.it/). The chip probe design is available at http://ddlab.sci.univr.it/FunctionalGenomics/. Robust multiarray averageprocessed data are available at PLEXdb (Wise et al., 2007) with accession number VV30:VvABFOx. Data analyses were performed using R/Bioconductor (Gentleman et al., 2004) . Expression intensities were background corrected, quantile normalized, and summarized using the robust multiarray average function of the oligo package (Carvalho and Irizarry, 2010) . Differentially expressed genes were identified using the Limma package (Smyth, 2004) for the following contrasts: 35S::VvABF2 versus control, 35S::VvABF2 + ABA versus control, and control + ABA versus control. Genes with absolute log 2 -fold changes above 1 (ratio of 2) and false discovery rate (Benjamini and Hochberg, 1995) -corrected P values below 0.05 were considered significant. Expression profiles of these genes were clustered using the MapMan software (Thimm et al., 2004) . Gene models were aligned against the UnirRef100-2011-07 database (Suzek et al., 2007) using the BLAST program (Altschul et al., 1997) . Genes considered as differentially expressed were associated with the MapMan Ontology (Thimm et al., 2004) using the Mercator Online tool (http://mapman. gabipd.org/web/guest/app/mercator). The most extreme categories within these differentially expressed genes were identified using a Wilcoxon rank-sum test implemented in the MapMan tool (Usadel et al., 2005) .
Sequence Analysis
Full-length amino acid sequences of bZIP transcription factors from several species were retrieved from public databases. Multiple amino acid sequence alignment was generated using the Clustal Omega alignment algorithm with default parameters (Sievers et al., 2011 ; http://www.ebi.ac.uk/Tools/msa/ clustalo/). The phylogenetic tree was constructed from the Clustal Omega alignment using the MEGA5 package (Tamura et al., 2011) . The evolutionary history was inferred using the neighbor-joining method. The optimal tree was drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method and were in units of the number of amino acid substitutions per site. All positions containing gaps and missing data were eliminated from the data set (complete deletion option). There were a total of 117 positions in the final data set.
In Silico VvABF2 Promoter Region Identification and Analysis
The identification and in silico analysis of the VvABF2 promoter region were conducted using the Genomatix suite of programs (http://www. genomatix.de [Genomatix Software]; Quandt et al., 1995) . The Gene2promotor program from the Genomatix software package was used to define 1,344 bp upstream of the transcription start site of the VvABF2 promoter region. The corresponding sequence was then used as the target sequence for transcription factor recognition site identification using the MatInspector version 8.06 program (Cartharius et al., 2005) . The parameters used were the Matrix Family Library version 8.4 (June 2011), the standard (0.75) core similarity, and the optimized matrix similarity.
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